Particularly important is the striking alteration of gallbladder function caused by infection of or injury to the mucosa demonstrated in the dog by the experiments of Drury, Rous and McMaster; Ravdin, Johnston and Riegel; and of Andrews and associates. It has been shown by these workers that changes in the composition of bile exposed to the action of pathologically altered gallbladders tended to diminish the effectiveness of the bile as a solvent for cholesterol. Thus, considerable experimental evidence has been presented to connect the development of gallstones with infection of or injury to the gallbladder mucosa. The most convincing support has been derived from experiments done upon dogs, although data have been published from the laboratories of Ravdin and of Andrews showing that similar processes appear to operate in the human gallbladder. Species differences, however, necessitate caution in drawing close analogy between observations made in the presence of experimental gallbladder injury of dogs and in human cholecystitis. As has been pointed out, human bile differs in composition from dog bile, and also, the response to disease and injury of the biliary tract in man is not quite the same as that of the dog under experimental conditions. Human bile is rich in cholesterol as compared with dog bile. It differs in type and amount of bile acid. Cholecystitis in the dog causes the gallbladder contents to become more alkaline, but in man the opposite effect is generally observed. Therefore, more complete investigation of additional human material is desirable to establish clearly the consequences of cholecystitis and its r6le in cholelithiasis, as well as to correlate more closely such observations with the studies on animals. The results of a chemical study of human gallbladder bile are reported in this paper. The explanation of gallstone formation provided by the work of Ravdin, Johnston, Riegel and associates and of Andrews, $choenheimer and Hrdina is supported by our data.
PROCEDURE
Bile was aspirated directly from the gallbladder into a syringe by the surgeon in the course of operation. Precautions were taken to avoid exposure to air or loss of carbon dioxide. Preceding the operation, the usual saline enemas and morphine were given. Some of the patients received glucose intravenously in addition. Generally, the patients had fasted 12 to 15 hours before operation, occasionally somewhat longer.
Determinations of pH were completed within 1 to 2 hours after collection of the specimen. Other tests also were started with a minimum of delay. Occasional specimens could not be analysed promptly; pH determinations were then omitted. Analytical findings were not influenced appreciably by delays of several hours. The specimens were centrifuged and the precipitate, if any, examined for the presence of crystals or other formed elements. Measured amounts of centrifuged bile were added to warm absolute ethyl alcohol, heated to boiling, centrifuged, decanted, and the residue extracted twice with alcohol. The alcohol solution and washings were combined and diluted to volume in a volumetric flask. Aliquots were used for the determination of cholic acid, phosphorus and cholesterol. The absence of cholesterol esters from bile and the solvent action of the bile acids and phospholipid permit the use of alcohol alone as an extractive solvent for cholesterol. The latter was estimated by a modification of the Autenrieth and Funk method (2) . Bile saponified two hours with 25 per cent potassium hydroxide was extracted with ether in a continuous extractor of the type described by Quick (3) . Cholic acid was determined by the modification of the Gregory-Pascoe procedure developed by Reinhold and Wilson (4) , using the precautions recommended for analysis of human bile. Turbidity resulting from the presence of desoxycholic acid was removed by addition of alcohol after color development as described in the method. Phospholipid values represent total phosphorus of the alcohol soluble componerrts of bile.
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In the presence of bile acid salts alcohol appears to dissolve completely bile phospholipid, although Mathews (5) To demonstrate the cumulative nature of the pathological changes in cholecystitis, data are arranged in Tables I to III according to the absence  or presence and the severity of cholecystitis.  Table I includes data for a group of control specimens. In Tables II and III are shown figures for specimens taken from gallbladders exhibiting moderate or marked evidence of disease, respectively. When possible, classification has been made upon histological evidence. When the gallbladder was not removed or examined, the conclusions of the surgeon concerning the condition of the gallbladder were accepted. Histologically, thickening of the walls, extent of fibrosis, number and quality of villi, and presence and degree of inflammatory reaction and cellular infiltration have been given the most weight. Tabulated according to these criteria, fair homogeneity is observed in each group, while significant differences between the groups likewise become apparent. An alternative grouping, employed in an earlier study (Reinhold and Ferguson (8) ) and considered in connection with the classification of the present material, depended on the presence of calculi in the gallbladder or of both calculi and obstruction. Actually, the difference in distribution of specimens according to the two plans was not great, since only 5 of 35 gallbladders showing evidence of inflammatory changes were without calculi, and only 2 failed to show crystals of cholesterol.
The calculi encountered were almost all of the cholesterol calcium pigment type or of the cholesterol type. It was not always possible for the authors to examine the stones removed. The analytical findings of Ray (9) Table I contained high concentrations of solid material. This is largely bile acid and phospholipid, if the two figures for the latter may be considered representative. Determined bile acid, glycocholate and taurocholate, often accounted for more than half the total solids. The high concentrations of these substances are to be contrasted with the far lower concentrations found when the gallbladder mucosa is perceptibly injured. Owing to the fact that the modified Pettenkofer reaction employed for the determination of bile acids is specific for the cholic acids (Reinhold and Wilson (4) ), other bile acids that occur in human bile are included in the undetermined anion.' Desoxycholic acid appears to be most important quantitatively, according to Wieland and Reverey (12) and Doubilet (13) . Chenodesoxycholic acid (12) and lithocholic acid (14) have been isolated from human bile and from gallstones, although data are not available relative to their concentration. It is to 1 Doubilet (13) has justly pointed out that data for human bile based upon this method alone are incomplete. In the present study this objection is avoided because changes in the undetermined anion offer means for detecting gross changes in other bile acids.
be expected that differences between normal and pathological specimens resembling those seen for the cholic acids exist also for the undetermined bile acids. High figures for undetermined anion in the normal and moderately pathological specimens do indeed support this conclusion although the contrast is not as clearly defined. That there is a change in the character of bile acids secreted under certain abnormal conditions is suggested by the work of Greene, Walters and Fredrickson (15) , of Ravdin, Johnston, Riegel and Wright (16) , and of Breusch and Johnston (17) . Doubilet (13) recently has demonstrated such a qualitative alteration. Doubtless the high undetermined anion concentration, frequently observed in our series in conjunction with relatively low cholate, is the result of a similar change in the type of bile acid secreted by the liver.
Chloride concentrations in specimens from gallbladders without demonstrable pathological changes were considerably less than the concentrations of organic anions. The relatively low chloride figures may be contrasted with the high values observed in pathological material described in the next section. Similar differences have been observed by Johnston et al. (10) . The concentration of chloride varies inversely with that of bile acid and compensates changes in the latter. Bicarbonate undergoes somewhat similar alterations, and it also may replace or be replaced by bile acid. Bicarbonate rarely exceeds chloride in concentration and ordinarily it is considerably less. While high bicarbonate has occasionally been found associated with diminished chloride concentrations, generally both are increased or lowered together.
The concentration of cation in bile likewise is governed to a considerable extent by the level of bile acid; consequently, sodium and other cations as well are relatively high in the specimens of this group. Sodium is by far the most important of the cations so far as concentration is concerned, with calcium, magnesium and potassium ranking in the order mentioned when considered in terms of milli-equivalents per liter. Magnesium concentrations in bile frequently outweigh those of calcium in contrast to serum where magnesium approximates only one-half of the calcium concentration. Furthermore, the divalent cations 372 of bile constitute a considerably larger fraction of the total base than in serum. Concentrations of all cations of bile normally exceed by considerable amounts the concentrations in serum, while the total cation concentration is-consistently above 250 m.eq. per liter of water as compared withi the average concentration in serum of 167 m.eq. Despite this discrepancy, it has been demonstrated repeatedly that bile and serum are iso-osmotic (see Brand (48) , Strauss (49), Ravdin, Johnston, Riegel and Wright (16) , and Gilman and Cowgill (18)). The anomaly is a manifestation of the abnormal behavior of ions of low molecular weight in the presence of large ions. Hammarsten (19) has observed that in the presence of bile acids, as well as of other compounds of high molecular weight, osmotic activities of smaller ions are diminished.
The reaction of bile from gallbladders showing no evidence of disease was found in an earlier investigation by two of the writers (Reinhold and Ferguson (8) ) to vary between pH 7.10 and 7.30. Although it was suggested that greater variation was to be expected, in the present series 3 of 5 similar specimens fell within these limits. The 2 remaining specimens were somewhat more acid in reaction, the pH being 6.90 and 6.95. The range of values for specimens of this class must be broadened to include the latter. Low pH was associated with low concentrations of bicarbonate.
Comparison of pH values reported for dog and human bile shows that gallbladder bile of dogs has been found to be somewhat more acid in reaction (Okada (20) (11)). Undoubtedly, differences in the nature and concentration of the species-predominant bile acids are responsible. Human bile contains principally the relatively weak glycine-conjugated cholic and desoxycholic acids. Bile acid of the dog, on the other hand, consists primarily of the strong taurine-conjugated cholic acid. It has been shown that the pH of dog bile is governed by the concentration of taurocholic acid (Reinhold and Wilson (6) ). In human bile, because of the relatively weak character of the bile acids, such a relationship is not clearly demonstrated. Interpretation of the role of bile acid in the regulation of the reaction of human bile is complicated by the appreciable concentration of such acids included in the undetermined anion.
Carbon dioxide tensions of gallbladder bile frequently are very high. Calculation was made from the data for pH and carbon dioxide concentration by the Henderson-Hasselbalch equation according to Peters and Van Slyke (22) 
In normal bile, total cation concentrations consistently exceed the concentrations of total determined anion. The undetermined anion, as already indicated, is made up chiefly of bile acids other than cholic acid, although certain phospholipids may bind a portion of the base represented in this fraction. Inorganic (27) ; Chain and Kemp (28) ; Jukes (29) ), it is not permissible to assign to the phosphorus of bile the acidifying action observed. Likewise, it appears improbable that bile protein would possess the powerful acidifying action implied by Aronsohn and Andrews. As already noted, there is considerable evidence showing that bile acid concentration is the chief factor regulating the pH of bile, and that acidification of gallbladder bile is primarily a result of the large increase in bile acid concentration as hepatic bile is concentrated in the normal gallbladder.
Cholesterol in these specimens from gallbladders without pathological changes varied in concentration between 140 and 1010 mgm. per cent. The highest value cited was also the highest in the entire series. The patient suffered from cystic lymphangioma of the peritoneum. Despite the elevated concentration of bile acids, cholesterol crystals were detected in this specimen. Also, in two other specimens where cholesterol concentrations were not elevated, a few cholesterol crystals were seen although bile acid concentrations were high. It must be conceded, however, that crystals could not be found in the abundance that is ordinarily characteristic of bile from pathological gallbladders. The importance of the ratio between bile acid and cholesterol as a factor governing the solubility of cholesterol has been stressed by Newman (30), Andrews, Schoenheimer and Hrdina (31), and Johnston et al. (10) . Such a relationship between cholate and cholesterol may be seen in the present series. It is noteworthy that only two specimens of this normal group had a cholate: cholesterol ratio of less than 10. The high undetermined anion of these non-conforming specimens suggests that the ratio of total bile acid to cholesterol would be considerably higher.2 2 Other substances in bile beside cholesterol may react to give color with the Liebermann-Burchard reagents. Thus Wright (32) found the colorimetrically determined values for cholesterol in dog bile to be higher by 20 per cent than the results of determination by digitonin precipitation. Wieland and Reverey (12) The composition of bile from diseased gallbladders Distinct changes from the normal composition of bile accompanied even slight pathological alterations of the gallbladder mucosa. The effects of cholecystitis of mild or moderate degree are shown in Table II . Gallstones were present in 16 of the 18 gallbladders from which these specimens were removed, while all of the bile specimens contained cholesterol crystals. Obstruction of the cystic duct was found at operation in 9 of the patients represented in this group.
Severe cholecystitis, with widespread changes in the mucosa, caused alterations in the composition of the contents of the gallbladders similar to those observed in moderate gallbladder disease, though far more pronounced. Data for 15 specimens of this character are presented in Table III . Here, likewise, the incidence of calculi was high. However, two specimens contained no crystals, nor were calculi found in the gallbladders. Partial or complete occlusion of the bile ducts caused by calculi existed in 10 of the 14 patients. Changes from the normal were most marked in the presence of obstruction. The group was far from homogeneous in respect to appearance of the specimens, which varied from essentially normal pigmentation to practically pigment-free "white bile."
The lowered concentration of total solids to be seen even in the presence of moderate injury to the gallbladder (Table II) reflects a marked impairment of the ability to retain and concentrate material reaching the gallbladder in the hepatic bile. Severe damage to the gallbladder mucosa depressed the solids content of the bile to a greater extent (Table III) . Particularly striking changes were associated with obstruction of the cystic and common bile ducts. Estimation of the protein contained in certain of these specimens showed increased concentrations in both groups as compared with normal specimens. Thus the loss of ability to concentrate bile as measured by determinations of total solids is obscured to some extent by elevated protein, and was greater than the figures for total solids would indicate.
Striking reductions in concentration of bile acids in bile in the presence of gallbladder disease have been reported (10, 11, 30, 31, 47 ). Our analyses likewise showed that cholic acid concentrations were lowered consistently in specimens comprising this group. The loss of bile acid explains the major portion of the decrease in solids. Whereas cholate in normal specimens exceeds 150 m.eq. per liter, the average concentration in the presence of gallbladder disease was reduced to 34 m.eq. per liter (Table II) . Under similar conditions, undetermined anion concentrations were generally below the normal level although not as much so as cholate. It seems probable that undetermined bile acids behaved not unlike the cholic acids. Even lower concentrations of bile acids were observed in bile from badly diseased gallbladders (Table III) , and in a few specimens, particularly in the presence of obstruction and empyema, only traces of cholate the gallbladder, equivalent quantities of inorganic anions, largely chloride, replace the organic electrolyte so lost. Excessive concentrations of chloride are observed in the presence of marked edema of the gallbladder mucosa when the chloride concentration of the contents often exceeds that of serum. Riegel, Ravdin, Johnston and Morrison (33) have reported high chloride concentration in hydrops fluid. The importance of increased chloride as an indicator of gallbladder dysfunction has been stressed by these workers (10) .
Bicarbonate, like chloride, may replace bile acid that diffuses from the injured gallbladder. In certain of the specimens represented in Tables  II, III Table I . could be detected while other bile acids likewise appeared to have vanished. Heightened permeability of the gallbladder mucosa which ceases to act as a barrier to bile salts and perhaps to other substances of high molecular weight undoubtedly is foremost among the factors leading to such changes. There is little doubt that the lowered concentration of bile acid diminishes the solvent action of the bile for lipids, and leads in turn to crystallization of cholesterol.
High chloride concentrations were associated consistently with the low bile acid concentrations typical of cholecystitis. Normally, as the concentration of bile acid increases, chloride diffuses from the gallbladder, thus maintaining osmotic equilibrium. However, in the presence of moderate cholecystitis the relatively high concentration of chloride present in hepatic bile not only remains undiminished, but, as bile acid diffuses from severely damaged gallbladders bicarbonate is more often decreased. It appears that the abundant secretion of bicarbonate in the dog described by Ravdin, Johnston, Austin and Riegel (34) (21), and Johnston et al. (10) have shown that injury to the mucosa of the gallbladder causes the pH and bicarbonate of dog's gallbladder bile to increase. Again, the differences in the chemical properties of the predominating bile acids in human and dog bile aid in explaining the inconsistency. Salts of the weakly acidic glycine-conjugated acids of human bile on undergoing hydrolysis would impart a slightly alkaline reaction to solutions. As already mentioned, the slightly alkaline reaction of normal human gallbladder bile is a consequence of this property. On the other hand, when glycocholic acid diffuses from the diseased gallbladder and is replaced principally by chloride, the reaction will tend to become less alkaline. In contrast, the strong taurine-conjugated bile acids of dog bile normally displace practically all of the bicarbonate (and chloride) as concentration proceeds in the gallbladder so that ordinarily the reaction is distinctly acid. Under these circumstances loss of bile acid from the gallbladder of the dog in the presence of cholecystitis, particularly if accompanied by secretion of bicarbonate (see Ravdin et al. (34)), will cause the marked increase in bile pH observed in this species. Impaired buffering capacity facilitates changes in reaction that occur in injured gallbladders. The lowered pH of the contents of severely damaged gallbladders indicates that acidic constituents are present in significant concentrations. These are not cholic acids, free or conjugated, since low cholate is found in this class of specimens. Appreciable amounts of undetermined anion are observed. Its identity has not been established. That it is not phospholipid is shown by simultaneous occurrence of very low bicarbonate with the smallest phospholipid concentrations of the entire series.
Diffusion of bile acid out of the diseased gallbladder is only partially compensated by the rise in chloride (with or without a rise of bicarbonate). There is invariably a simultaneous and roughly proportional decrease in concentration of total base. While quantitatively smaller than the alteration of the chloride, it is nevertheless of sufficient size to bring about marked reduction of the total cation concentration of the pathological specimens, as well as that of individual cations. Sodium, being the principal cation, accounts for the major portion of the change. However, calcium concentrations do not change to the same extent as a concentration of other cations.
The presence of considerable amounts of calcium as a constituent of many gallstones arouses interest in the concentration of this ion in bile of diseased gallbladders. Marked irregularity is shown in the response of calcium concentration of bile to gallbladder disease. Alterations that have been observed are most frequently in the direction of lower values. Occasional high concentrations were found in the contents of certain badly diseased gallbladders. Calcium concentration in normal bile varies directly as the concentration of bile acids, and no doubt a relationship exists analogous to that between serum calcium and serum protein. Thus high concentrations of bile acid would exert a protective action tending to keep calcium in solution by diminishing ionization. On the contrary, low bile acid levels would favor precipitation of calcium, thus contributing to a widespread occurrence of calcium in calculi. Inouye and Ryuichi (35) found that sodium taurocholate prevented precipitation of calcium although glycocholate was ineffective.
In disease, the changes in bile calcium are complex. Quite probably high calcium concentrations in the presence of severe cholecystitis are to be attributed to exudation or transudation. This explanation is supported by the simultaneous increase in the protein of the bile shown by unpublished observations of the writers. Riegel et al. (33) (47) in showing that the underlying cause of the crystallization of cholesterol is not a primary excess of this substance, but rather a defect of the solvent. The obvious lowering in the ratio of cholic acid to cholesterol in pathological specimens, as compared with normals, provides a quantitative measure of this change. Our ratios are lower than those of certain other workers who employed the less specific determination of hydrolyzed amino-nitrogen for analysis of bile acids. In general, however, the results are similar. Despite the high cholesterol concentrations of many normal specimens, crystals of cholesterol were seldom encountered in such specimens. On the other hand, it appears that crystals and calculi rarely are absent from the contents of diseased gallbladders and usually are present in great abundance despite the lowered concentration of dissolved cholesterol.
Bilirubin solubility, like that of cholesterol, must depend upon the lipid-bile acid relationship since gallbladder bile usually lacks the alkalinity requisite to maintain bilirubin in aqueous solution. Furthermore, the activity of calcium undoubtedly increases as bile acid concentrations decrease. Thus loss of bile acid and lipid with the further likelihood of an increase in calcium concentration and activity may readily bring about precipitation of bilirubin. Possibly, because of the limitations of the method, it has not been possible to relate the occurrence of gallstones with the incidence of either high or low concentrations of bilirubin. The concentration of bilirubin in bile, as determined by the procedure described, varied widely both in the normal and in the several groups of pathological specimens. However, low concentrations were characteristic of the specimens from the most severely damaged gallbladders, as one might expect on the basis of physical factors. Not infrequently, crystals of bile pigment, the so-called calcium-bilirubin crystals, were present in specimens of all groups. Their presence appeared to be independent of concentration of bilirubin, calcium or hydrogen ions. The close correlation with the occurrence of cholecystitis that was found to exist in the case of cholesterol crystals was not observed.
The investigations of iFurth and Scholl (38) have again demonstrated the importance of phospholipid in the presence of bile acid as a solvent for cholesterol. Since bile is rich in lecithin and perhaps other phospholipids as well, these substances undoubtedly exert an important influence on the properties of bile as a solvent. An attempt has been made to determine the approximate concentration of phospholipid in the various specimens for the purpose of discovering whether cholecystitis led to any significant alterations in these substances. It appears that, like cholesterol, lipid phosphorus tends to remain in the damaged gallbladder while bile acid diffuses away. However, being comparatively unstable and perhaps more readily soluble than cholesterol, these substances would not persist as concretions as cholesterol does.
Protection of the gallbladder against the deleterious effects of bile salts is undoubtedly an important function of the lipids of bile. An injurious action of aqueous bile acid solutions on the gallbladder mucosa has been described by Riegel, Ravdin and Johnston (39) , and Aronsohn and Andrews (25) . Riegel (Table IV) Table V . Obstruction of the cystic or common bile ducts existed as well in all of these patients. Despite the absence in most cases of conspicuous gross or microscopic changes in the gallbladder, the composition of its contents was profoundly altered. Such a finding suggests that obstruction may alter the composition as well as the secretion of bile. It is known that suppression of bile secretion follows obstruction of the common bile duct. Contrasting with the remainder of the group is Specimen 60, where malignancy and obstruction of possibly as long as 5 months' duration had no effect other than marked inspissation of the bile.
Hepatic cyst. An hepatic cyst was encountered in Patient 11. Fluid was aspirated from the cyst, and, after removal of leukocytes by centrifugation, was analysed by the methods used for bile. The specimen was colorless but distinctly opalescent. Cultures were negative. The specimen contained 7 (52) to explain formation of calculi in the gallbladder receives additional confirmation from our data.
Other changes in chemical composition of bile in cholecystitis may in a large measure be referred to a primary loss of bile acid. Chloride or, less frequently, bicarbonate replaces the anion lost by diffusion of bile acid from the gallbladder. Thus the concentrations of these ions are increased. Diminished total solids and decreased concentration of total base likewise are directly related to the decline in bile acid concentration.
An end result of changes that occur in the contents of the gallbladder with an inert or abnormally functioning mucosa is replacement of the hydrolyzed salts of weak acids, i.e., sodium glycocholate and glycodesoxycholate, by sodium chloride, with a shift of pH from the slightly alkaline reaction normally observed toward more acid reactions. The distinctly acid reactions of many specimens from badly damaged gallbladders are unexplained, however, although loss of buffering capacity facilitates the change. Increased alkalinity, at times observed, results from secretion of bicarbonate under similar circumstances. Weiser and Gray (46) and others suggest as one mechanism for gallstone formation, a shift in pH from alkaline to acid with resultant precipitation of cholate. Actually, bile acid concentration governs the pH of bile. It is our belief that changes in pH are incidental to more fundamental changes in the constitution of bile, and that change of pH is of secondary importance as a causative factor in formation of cholesterol or mixed stones. Despite the primary r6le in cholelithiasis assigned to changes in pH by many workers, no suggestion has been offered by them as to how the hypothetical change in the reaction of bile giving rise to gallstone formation is to be brought about. Because of the acid reaction of many specimens of gallbladder bile, it is quite unlikely that soaps are present in significant amounts.
Calcium usually is lowered in the contents of diseased gallbladders, although this 
